The development of internet of things and the related sensor technology have been a key driving force for the rapid development of industry and information technology. The requirement of wireless, sustainable and independent operation is becoming increasingly important for sensor networks that currently could include thousands even to millions of sensor nodes with different functionalities. For these purposes, developing technologies of self-powered sensors that can utilize the ambient environmental energy to drive the operation themselves is highly desirable and mandatory. The realization of self-powered sensors generally has two approaches: the first approach is to develop environmental energy harvesting devices for driving the traditional sensors; the other is to develop a new category of sensors-self-powered active sensors-that can actively generate electrical signal itself as a response to a stimulation/triggering from the ambient environment. The recent invention and intensive development of triboelectric nanogenerators (TENGs) as a new technology for mechanical energy harvesting can be utilized as self-powered active mechanical sensors, because the parameters (magnitude, frequency, number of periods, etc.) of the generated electrical signal are directly determined by input mechanical behaviors. In this review paper, we first briefly introduce the fundamentals of TENGs, including the four basic working modes. Then, the most updated progress of developing TENGs as self-powered active sensors is reviewed. TENGs with different working modes and rationally designed structures Through continuous research on the TENG-based self-powered active sensors in the coming years to further improve the sensitivity and realize the self-powered operation for the entire sensor node systems, they will soon have broad applications in touch screens, electronic skins, healthcare, environmental/infrastructure monitoring, national security, and more.
Introduction

Self-powered sensing
Information technology is a major driving force for the modern world's development in the past decades. The collection and exchange of information rely on various types of sensors with different functionalities. The construction of large-scale sensor networks and systems can help to realize -internet of things‖, which correlate objects and devices to large databases and networks (the internet). By replacing the traditional finite number of discrete sensors with a large number of independent and mobile sensors distributed in the field, a statistical analysis of the signals collected through the internet can provide precise and reliable information, so that effective strategies can be taken in responding to the change in the environment. In a lot of cases, the sensor nodes are distributed across a wide range of area or embedded/implanted in closed locations, so that they need to operate wirelessly for important applications in implantable biosensors, patient monitoring, environmental and structure monitoring, and national security [1] .
For these systems, it is very important for the sensor nodes to have the capability of operating independently, sustainably and maintenance-free. However, under the context of the current technology, most of sensors need power sources for driving their operations, which is a major limitation for realizing the aforementioned features for the wireless sensor networks. These power sources cannot be simply provided by batteries for two reasons: i) the number of sensors to be involved in the sensor network will be huge and their locations could be difficult to track, so replacing individual batteries would represent a tremendous, even impossible task; and, ii) the periodic replacement of batteries will create a huge amount materials that are environmentally unfriendly and potentially hazardous to human health. Therefore, realizing self-powered operation for the sensor nodes in the wireless sensor networks is critically important for the broad applications of such networks, which is gradually becoming a major research direction in this area now and in the future [2, 3] . The most feasible way to achieve self-powered operation is to harvest energy from ambient environment to drive a sensor node itself [4] . The energy harvesting device can directly serve as a sustainable power source for the sensor node or at least use together with a battery to replenish its energy consumption. Besides, if the sensor can generate electric signal itself as a response to the trigger or change in the environment, it can operate without an external power source, which is named as -active sensors‖. With this strategy, the sensor systems can be simplified and the total energy consumption can be largely reduced. Thus, developing self-powered active sensors can largely facilitate the wide range of application for wireless sensor networks.
Starting from 2006, our group has been developing a new technology-nanogenerators-for converting mechanical energies in different scales into electricity [5, 6] . Besides the outstanding capability of serving as a sustainable power source for electronic devices, the produced electric signals from nanogenerators can also be utilized for directly sensing the applied mechanical actions without a power source. The first type of nanogenerators is based on the piezoelectric effect of semiconductor nanowires (e.g. ZnO, GaN) [5, [7] [8] [9] [10] . In the recent years, a new category of nanogenerators-triboelectric nanogenerators (TENGs)-has been invented and quickly developed on the basis of a universal effect-the contact electrification (also named as triboelectrification) [11] [12] [13] [14] , which has shown a large number of desirable advantages, such as extremely high output and efficiency, low cost, excellent versatility in structural design, outstanding stability and robustness, as well as environmental friendly [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Since the TENGs can generate electricity from any type of mechanical motions in the natural environment including touching [28, 29] , impact [30, 31] , linear sliding [32, 33] , rotation [21, 34] , vibration [35, 36] , and so on, they can serve as the self-powered active sensors for all these different types of mechanical motions. Besides, since the amplitude of the electrical signals generated by the TENGs are proportional to the surface triboelectric charge density that is determined by the chemical state of the surface, the TENGs can also be utilized as self-powered active chemical sensors [37, 38] .
Fundamentals and four based modes of triboelectric nanogenerators
Triboelectric nanogenerators are based on the coupling of two effects: contact electrification and the electrostatic induction. The contact electrification is a universally-existing phenomenon in the nature and people's living life, and has been known for thousands of years. It describes a phenomenon that a material/surface becomes electrically charged after it gets into contact with a different material/surface [11] [12] [13] [14] 39] . The generated triboelectric charges on a dielectric surface can be preserved for a long time, which thus serve as the induction source for the electricity generation process in TENGs. Under the driving of external mechanical motions, the relative position of the triboelectrically-charged surface will change periodically in a TENG device, which will lead to the periodic variation of the induced potential difference between the two electrodes. In order to keep the electrostatic equilibrium between the two electrodes, the free electrons in the electrodes will be driven to flow back and forth to screen the induced potential difference. In this way, the applied mechanical energy is converted into electricity. With different configurations of the electrodes and/or different moving manners of the triboelectric layers to realize the electrostatic induction process, four fundamental modes of TENGs have been established ( Fig. 1 , from ref. 40) , as elaborated in follows.
Vertical contact-separation mode
The vertical contact-separation mode [18, 19, 31] is the first fundamental mode of TENG with the simplest design as an example (Fig. 1a) . In this mode, two films with distinctively-differed triboelectric polarities face with each other in a stacked configuration, at least one of which needs to be dielectrics. For dielectric film, electrode is attached on its outer surface, while a conductive triboelectric layer can serve as an electrode itself. Under a pressing force from an external motion, the two triboelectric layers can get into physical contact with each other, which generates oppositely charged surfaces. Subsequently, upon releasing, the two surfaces are separated by a small gap in the vertical-to-plane direction, which creates a potential drop across the two electrodes to drive the flow of electrons through the connected load. Once the gap is closed, the triboelectric-charge-created potential disappears, and the electrons will flow back to achieve electrical equilibrium.
In this mode, the electricity generation process requires the effective switching between the intimate contact state and the fully separated state. In order to achieve this, several different innovative device structures have been developed, such as the arch-shaped structure [19] , the spring-supported structure [31] and so on. The TENGs based on this operation mode is very effective in harnessing short-range cyclic motions, e.g. vibrations and periodic impacts [35, 36, [41] [42] [43] [44] . Besides, this mode provides several unique advantages for the practical applications of TENGs, such as high instantaneous power density, simple structure designs, and so on.
Lateral sliding mode
The lateral sliding mode has the same prototype device structure with the vertical contactseparation mode (Fig. 1b) . The electricity is also generated through the periodic contact and separation between the two triboelectric surfaces [20, 32] . Starting from the same contact state, the separation takes place in the in-plane direction through sliding the layers apart. This relative sliding between the two surfaces not only creates triboelectric charges on the two surfaces, but also produces a lateral polarization along the sliding direction. The induced potential will drive the electrons on the top and bottom electrodes to flow in order to fully balance the field created by the triboelectric charges. From the back-and-forth sliding cycles, an AC output is generated.
Such sliding processes can be obtained from planar motions [32, 33] , disc rotation [21] , or cylindrical rotation [45] . Compared to the vertical contact-separation mode, this lateral sliding mode offers several important advantages. The generation of the triboelectric charges from the relative sliding between two surfaces is more effective than the pure contact. More importantly, through making the grated structures [20, 33] for the sliding-mode TENGs, the in-plane charge separation-contact process can be enabled multiple times in a full sliding motion, which achieves more efficient charge transfer, thus significantly elevated power output.
Single-electrode mode
The two modes introduced above have two electrodes attached onto the moving triboelectric layer.
In nature, a moving object is often naturally charged due to its contact with air or other object, such as the soles of our shoes and the human body. Thus, these moving objects can directly serve as the triboelectric layer in the TENG to induce the electricity generation process. However, in these cases if an electrode is required to be attached, it is very inconvenient for the practical applications. In this regard, we introduced a single electrode TENG [26, 46] , in which only one electrode directly interact with the moving triboelectric layer. The other electrode is just a reference electrode as a source for electron, which can be a large conductor or just the ground (Fig. 1c) . If the size of the TENG is finite, an approaching or departing of the top object from the electrode would change the local electrical field distribution, so that there are electron exchanges between the bottom electrode and the reference electrode or the ground to keep the balanced potential between them.
In this mode, although the electrostatic induced electron transfer between the two electrodes is not the best in effectiveness due to the electrostatic screening effect [47] , the charged object can have a free moving without any restriction. The relative movement between the triboelectric layer and the electrode can be both vertical contact-mode [26] and lateral sliding-mode [46] , and even the hybridization of the two modes [48] . This advantage makes the single-electrode-mode TENG particularly suitable for acting as a self-powered active sensor to detect any electricallycharged object.
Freestanding triboelectric-layer mode
When harvesting energy from a free-moving triboelectrically-charged object, the two stationary electrodes can have a symmetric configuration in TENG device. The movement of a freestanding triboelectric layer brings it to alternatively approach either one of the two electrodes, so that the induced potential difference will be periodically reversed. An AC output will be driven to flow through the external load. This is the freestanding-triboelectric-layer mode of TENG [22] .
Compared to the above single electrode mode, there is no screening effect in this mode, so that the electrostatically-induced electron transfer can be most effective to reach the same amount of triboelectric charges on the freestanding layer. Thus, when serving as an energy harvesting, this mode is much more efficient than the single-electrode mode.
The freestanding triboelectric-layer mode can have two typical configurations. In the first type, the two stationary sits on the same plane, and the triboelectric layer slides between the overlapping positions of the two electrodes [22, 34, 49] . Compared to the sliding-mode introduced in 1.2.2, the triboelectric layer doesn't need to maintain the contact with the electrode layer during the sliding. It means this mode enables non-contact sliding operation. This advantage largely improves the energy conversion efficiency as well as the long-term stability of the generator by avoiding the direct friction between the two surfaces. Moreover, due to the capability of non-contact operation, this pair of electrodes can be laminated underneath a dielectric film. In the second type of basic structure, the two electrodes are configured face-toface and the freestanding triboelectric layer oscillates up-and-down in the gap between the electrodes to enable a vertical contact-separation mode [50] . Because of the constant capacitance between the electrodes and the confined electric field, the electricity generation behavior has a linear characteristic, which not only enables non-contact operation for the vertical contact mode with the above described advantages as well, but also can serve as the basis for quantitative sensing. Using such a design, we have demonstrated the harvesting of energy from human walking and a moving automobile, showing the potential for harvesting energy from a freely moving object without an electric connection.
Triboelectric nanogenerators as self-powered active pressure/touch sensors
Based on the above-mentioned working principle of the TENGs, the output performance (opencircuit voltage, short-circuit current, etc) of a TENG is largely affected by magnitude/frequency of the external mechanical stimuli, among which the normal pressing is one of the most common types. In this regard, the most straightforward application for TENG-based active sensors would be the monitoring of external pressure/touch applied onto the TENG [17, [28] [29] [30] . It has been demonstrated that the open-circuit voltage can be utilized for static measurement of the magnitude of the applied pressure, while the short-circuit current is more suitable for dynamic measurement on the loading rate of the applied pressure [30] . Based on this basic principle, several prototypes have been developed that displayed high sensitivity, fast response, and low power consumptions. Moreover, the integrations of triboelectric pressure sensor array have been fulfilled for pressure imaging/mapping, and highly selective profile of the applied pressure was visualized through both electric measurement and the power up of light illuminations [25, 29, 30, 51] . These demonstrations of pressure detection and tactile imaging will open up many potential applications in electronic skins, touch screens, security checking, health monitoring, and so on.
Self-powered pressure sensors based on vertical contact-separation mode
TENGs
Among the four fundamental modes of TENGs, the vertical contact-separation mode is the most convenient way to demonstrate the pressure sensing capabilities. The first proof-of-concept demonstration was realized on a transparent flexible nanogenerator (FTNG) [17] , with the micropatterned plastic surface to enhance the triboelectric charge density. Such self-powered pressure sensor can sense gentle pressures like a water droplet (8 mg, ~ 3.6 Pa in contact pressure) and a falling feather (20 mg, ~0.4 Pa in contact pressure) through relative deformation between two polymer sheets by external mechanical forces.
To obtain a more quantitative understanding and characterization about the contact-mode TENG based active pressure sensor, a triboelectric active sensor (TEAS) was developed and comprehensively characterized to reveal its basic sensing capabilities [30] . As shown in Figure 2a , the device structure of the TEAS consists of a PDMS membrane modified with micro-patterned pyramid structures (Fig. 2b) , and a piece of aluminum thin film assembled with the composite of silver nanowires and nanoparticles (Fig. 2c) . The micro/nano structures on both inner surfaces were introduced to enhance the triboelectric charge density on the two surfaces, which would help to improve the pressure response of the TEAS. By correlating the output behavior of the TEAS with the elastic property of polymer materials, the relationship between the open-circuit voltage and the applied pressure could be analyzed by the following equation:
Hence the relative variation of the V OC should be expected to show direct linear relationship with the applied pressure, and thus it was a reliable parameter for measuring the magnitude of the external pressure applied onto the TEAS, while the J SC was able to provide the dynamic information of the applied pressure (i.e. loading rate). Combining the analysis on the measurement of both the V OC and the J SC , the TEAS device was capable of giving the detailed information about the ambient mechanical stimulations. Figure 2d was not only dependent on the applied force/pressure, but also related to the loading rate of the external force. Furthermore, the output profile of the J SC was a pulse-like current peak, which enables its application for dynamic pressure detection, as shown in Figure 2f -g. The measured rectified J SC with variable pressures under the same loading rate were displayed in Figure 2f, showing a clearly increasing trend with elevated pressures. The full data summarized in Figure 2g showed the reversibility of the current response. The loading pressure was first increased from low pressure regime (< 1 kPa) to a high pressure regime (~ 9 kPa), and then decreased to the original magnitude. The resulted current response in the decreasing-pressure curve did not exhibit much deviation in reference to the original curve, thus demonstrating the reliability of the current measurement. Furthermore, it was discovered that the J SC was also affected by the acceleration of
the linear motor, which implied that the J SC could be used as a dynamic factor for quantification of the loading rate of the applied pressure. Both the static and dynamic pressure detection showed high stability after even 30,000 cycles of loading and unloading process, and a low-end detection limit of ~ 2 Pa was successfully demonstrated.
Since the applied contact pressure can be induced from magnetic force, then the TENG coupled with a permanent magnet can be applied as a self-powered sensor for actively monitoring the magnitude variation of the external magnetic field [52] . 
Self-powered touch sensors based on single-electrode TENGs
The sensors for instantaneous detection of touch are of critical importance for the applications of touch screen, security monitoring, healthcare and so on. Because of the single-electrode TENGs' unique advantage that electrode deposition on the moving part doesn't need the attachment of electrode, they are especially suitable for the detection of touch from a foreign object. The first active tactile sensor based on this mode was demonstrated through taking advantage of the interactions between human skins and PDMS [29] . The constructed TENG based on periodic contact/separation between a human skin patch and a PDMS was utilized as self-powered touch sensor directly from the tactile motion of human skin of a finger, with a high sensitivity of 0.29 V/kPa, and a low reset time of 0.1 s.
The performance of such active touch sensor was further enhanced by fabricating a selfpowered triboelectric sensor on flexible thin film materials [28] . The schematic structure of this device was depicted in Figure 3a , a layer of polyethylene terephthalate (PET) deposited with ITO electrodes on both sides formed the structural backbone of the triboelectric sensor (TES). A layer of fluorinated ethylene propylene (FEP) was applied on the top as an electrification layer for triboelectric charges generation by contact electrification with an external object. Vertically aligned polymer nanowires (PNWs) were created on the FEP layer (Figure 3b ) to achieve high sensitivity for low pressure detection. To characterize the response of the TES to a contact event, a square-shaped TES (Figure 3c ) was utilized to detect a metal object by cyclic contact and separation, which were realized through a linear motor. As shown in Figure 3d , at a contact force of 20 mN (applied pressure of 0.03 kPa) the TES produced a uniform output voltage with the maximum amplitude of 35 V. As the contact pressure increased, the output voltage was raised to 50 V when the contact pressure approached 10 kPa (Figure 3e ). This increasing behavior could be attributed to the increase of contact area. It should be noticed that the curve in Figure 3b exhibited two distinct regions, which was in agreement with the previous contact-mode active pressure sensor. In the extremely low-pressure region (< 0.15 kPa), an exceptional pressure sensitivity of 44 mV/Pa was obtained with excellent linearity (R 2 = 0.991), corresponding to a sensitivity factor of 0.09% Pa -1 . In the relatively high-pressure region (> 2 kPa), the pressure sensitivity dropped to 0.5 mV/Pa but still has good linearity (R 2 = 0.974). It was suggested that the two-region behavior was related to the enhancement effect from the PNWs. To further characterize the performance of the tactile sensor, the touch sensitivity depending on various factors such as the applied pressure, the size of the touching object, and the length of PNWs had been calculated and compared comprehensively. To demonstrate the practical application of this flexible and ultrasensitive tactile sensor, a complete wireless sensing system was developed through integrating the TES with a signal-processing circuit. The system relied on the output voltage from the TES to trigger an IC timer that controlled a wireless transmitter for remotely switching a siren alarm. As indicated in Figure 3f , the sensing system immediately started operation once a human hand touched the door handle. Through substituting other functional electronics for the wireless transmitter in the circuit, the sensing system could be adopted for more purposes. For example, a touch-enabled switch for a panel light was successfully developed and shown in Figure 3g . The TES in this work had a number of other unique advantages, including ultrahigh sensitivity, selfgenerated output, location independence, and outstanding robustness. In addition, the TES was generally applicable to objects made from various materials, indicating the widespread adaptability of the TES in a variety of circumstances. Therefore, the TES along with the sensing system developed here had immediate applications in a variety of areas, including humanmachine interface, automatic control, surveillance, remote operation, and security systems.
Matrix of pressure sensors for self-powered tactile imaging
On the basis of the pressure/tactile sensors that were developed based on the contact-mode and single-electrode TENG, the sensor units could further be integrated into an array device for more Similarly, the array of touch sensors based on single-electrode active sensors was also developed [29] . It was fabricated based on a piece of PDMS thin film and 8 × 8 array of separated ITO electrodes, which exhibited both transparent and flexible features. When the bottom, middle, and top areas of the matrix were touched by utilizing the side surface of the human hand, respectively, the output voltage signals can be detected from the corresponding pixels. To achieve the visualization of the pressure mapping, the triboelectric sensor array has been integrated with a printed circuit board composed of LED array accordingly [50] . The LEDs could be turned on locally when the back side of the sensor matrix was pressed, which reflects the spatial distribution of the applied pressure.
The most important features to be improved for the sensor matrix is the spatial resolution, which can possibly be achieved through micro-fabrication and sophisticated design in the device structure.
Applications of TENG-based self-powered pressure/touch sensors for healthcare and security monitoring
Through innovative combination with different mechanical systems to detect pressure change and/or physical touch from different source, the basic concept and structure of the TENG-based self-powered pressure/touch sensors can be utilized for a variety of applications, such as healthcare and security. Several typical examples in this kind that has been demonstrated by our group are reviewed as follows.
The touch of a foreign object for the above described single-electrode TENG can be enabled by an air-pressure-controlled membrane. In this regard, a new membrane-based triboelectric sensor (M-TES) as a self-powered approach for air pressure change sensing, surveillance, and health monitoring ( Fig. 5a ) [53] . Having small dimensions of 3.7 cm by 3. Besides, through utilizing the electrostatic charges on human skins for inducing the electrical signal generation, a flexible, reusable, and skin-friendly motion sensor for human− machine interfacing has been developed [54] . Based on triboelectrification, the as-fabricated device, relying on dry biopotential electrodes ( Fig. 5c ), is capable of accurately acquiring the real-time motion information from human joints. The periodic change of contact areas between human skin and polydimethylsiloxane (PDMS) establishes electric potential difference, and thus brings into charge transfer between the copper electrode and the ground. Functioned as a self-powered human motion sensor, the entire device is consisted of an array of independently addressable units, which can record the electric output signals as a mapping figure to transmit the kinematic information on human joints (Fig. 5d ). The motion sensor arrays produced an open-circuit voltage as high as 42.6 V with a remarkable signalto-noise ratio (SNR) of higher than 1000, which guarantees the superior sensitivity and selectivity of the devices as sensors to accurately record and impart the motions of the human joints, such as elbow, knee, heel, even finger. This study shows a possibility of utilizing triboelectrification based and self-powered motion sensor system for HMI.
Moreover, through utilizing paper as the skeleton materials, a new type of TENG has been demonstrated, which can be incorporated in a book or any other paper product with the advantages of transparent and flexible [55] . Such paper-based TENGs can generate electricity when the sheets of papers come into contact, bend or slide relative to one another, and having the advantages of being both transparent and flexible. In addition, we also integrate grating-structured
PTENGs into a book as a self-powered anti-theft sensor (Fig. 5e) . The mechanical agitation during handling the book pages can also be effectively converted into an electrical output ( Fig. 5f) to either drive a commercial electronic device or trigger a warning buzzer (Fig. 5g) . Furthermore, different grating structures on each page produce different numbers of output peaks, which can accurately position the turned pages and record the number of pages turned. This work provides a potential method to develop a self-powered, durable, cost effective anti-theft system for books, paintings and any other flexible materials in the future.
Triboelectric nanogenerators as self-powered active vibration sensors
Vibration is one of the most important forms of mechanical motions that can be found in ambient environment, such as the vibration motions of engines, vibrations in buildings and bridges, the shaking of a flying aircraft, and ocean wave oscillations. Since the vibrations can directly reflect the operation status and the health of machineries and infrastructures, the sensing of vibrations is of critical importance in equipment maintenance and environment monitoring. Up to date, various transducers have been fabricated for monitoring and detecting vibrations and impacts [56] [57] [58] . As an effective approach to convert vibrational motions into electricity, the TENGs can also serve as the self-powered active sensors for vibrations [35, 36, 41, 50] . Among the several basic modes of TENGs, the vertical contact motion based operation modes-the vertical contact-separation mode and the contact-based freestanding mode-are particularly suitable for this purpose. Based on these two working modes, several different self-powered active vibration sensors have been developed with different characteristics and functionalities, such as the positioning of vibration sources [41, 42] and quantitative detection of vibration amplitude and frequency [50] .
Contact-mode TENGs as self-powered active vibration and positioning sensors
The vertical contact-separation mode TENG generate electricity through the periodic contact and separation between the two triboelectric layers, which is generally enabled by the vertical-toplane vibrational motion of at least one of the two plates in the TENG. Thus, through integrating the typical structure of the contact-mode TENG into an unstable mechanical structure that can self-balance under perturbation, the constructed device can not only harvest energy from vibrations, but also serve as a self-powered vibration sensor. Among these structures, the 3D spiral structure is a typical example [41] . It is a three-dimensional curve around an axis at a continuously reducing radius while moving parallel to the axis, which can be simply regarded as a conical shaped spring structure. Loaded with a seismic mass, the suspended 3D spiral structure can oscillate as a response to external disturbance at a high sensitivity. A spiral TENG (STENG)
that operates in the contact-mode was built at the front of the seismic mass in a spiral structure.
The spiral structure behaves like a spring in response to an external disturbance. A schematic diagram of the STENG is shown in Figure 6a . An acrylic sheet is chosen as the structural material.
The working parts that generate the electricity are two round plates facing each other, which is marked in Figure 6a with a red dashed line. One is attached at the bottom of the 3D spiral structure. The other one is centered and fixed on the upper surface of the cube's bottom. The height of the cube was adjusted to have these two plates be in slight contact when the spiral is relaxed and in equilibrium. The upper contact surface is an aluminum film coated on an anodic aluminum oxide (AAO) template. The lower contact surface is a Kapton film. The surface of the Kapton film was modified to introduce aligned nanowire structures. The nanostructures on both the surfaces can increase the surface roughness and the effective surface area of the STENG for effective triboelectrification. When the STENG is working, the spiral oscillates in response to an external vibration source, so that the distance between the Al and Kapton film changes. During this process, the electricity is generated following the principle of contact-mode TENG.
The STENG can serve as self-powered active sensors for vibration detection and monitoring.
This means that whenever there is a vibration disturbance in the environment experienced by the STENG, the STENG will be triggered to generate an indicating electric signal. As in some situations vibrations are undesirable and harmful, in addition to vibration detection, the vibration source positioning is very important and of great practical value. Here, the STENGs were used to construct a multichannel active sensor system, and the in-plane vibration source positioning was realized. The vibration source positioning test was carried out on a wood board with dimensions of 1 in. × 24 in. × 48 in. Three STENGs were positioned on three corners of the board, as shown in Figure 6b . A three-channel measurement was applied to acquire data from these three STENGs simultaneously. A representative signal pattern is shown in Figure 6c , which was acquired when the small hammer hit position 7. Because STENG 2 is the closest one to the vibration source, it obtains the highest signal level. For STENG 1 and STENG 3, the signal levels are similar due to the equal distance from the vibration source. Figure 6d is the enlarged view of one signal peak in This error can be improved by increasing the sampling rate of the data acquisition equipment.
Besides the 3D-spiral-based TENG, several other structure designs of the contact-mode TENG have been developed for harvesting vibrational energy, such as the harmonic-resonatorbased TENG [35] , the 3-D TENG with broadband response [42] , the 3-D stack integrated TENG [59] , the triple-cantilever-based TENG [60] , and the integrated rhombic gridding based TENG [43] . They all can be utilized as the self-powered active sensor to detect external vibrations.
Freestanding-mode TENG as self-powered active vibration sensors for quantitative amplitude measurement
Generally, vibrations are characterized by two parameters: frequency and amplitude. The vibration frequency can be easily quantified by most vibration sensors, but a quantitative measurement of the amplitude is relatively more difficult because it often requires a linear relationship between the sensing signal and the amplitude. The above described several demonstrated TENG structures for vibration applications based on the vertical contact-separation mode is only applicable for measuring the frequency but not the amplitude. This is because that the electricity generation behavior of the vertical contact-separation mode is not linear to the separation distance, due to the nature of the changing capacitance between the two electrodes during its operation. Among the four fundamental modes for TENGs, the freestandingtriboelectric-layer mode has stationary electrodes thus constant electrode capacitance. Based on this mode, a contact-separation-enabled freestanding-TENG (CF-TENG) has been proposed, in which the vibration of the freestanding triboelectric layer between the two electrodes periodically changes the induced potential difference between the two electrodes and thus generate electricity in external load. In such a structure with the electrodes' lateral dimension much larger than their vertical separation distance, the electricity generation has a linear relationship with the moving distance of the freestanding layer [50] .
The structural design of the vibration-enabled CF-TENG is schematically shown in Figure   7a . Its skeleton is constructed by laser-cut acrylic sheets. Two Al-deposited acrylic plates are supported in a face-to-face configuration serving as the two stationary electrodes of the CF-TENG. In between, another acrylic sheet is employed as the vibration resonator in the CF-TENG through having its four corners connected by 8 springs to the two ends of the acrylic skeleton.
Two FEP films as the freestanding triboelectric layers are laminated onto the two sides of this acrylic sheet. They have the same size with the electrode. Triggered by the external vibration source that the CF-TENG is attached to, the two triboelectric layers are brought by the resonating acrylic sheet to alternatively approach the two electrodes in a vertical-to-plane manner. When its vibration amplitude is large enough, the contact between the FEP layer and the Al surface will generate triboelectric charges. In order to further enhance the triboelectric charge density, the FEP surface is etched by the ICP reactive ion etching to create the nanowire-structures (Fig. 7b) .
As shown in the SEM image (Fig. 7c) , these vertically-aligned nanowires have an average diameter of ~100 nm and a length of ~1µm.
When the CF-TENG with the resonator plate supported by springs is bonded to a vibration source, the resonator plate will be triggered to vibrate between the two electrodes. The linear characteristic gives the CF-TENG the supreme capability of quantitatively sensing the amplitude of the vibration. When the frequency was at the resonant frequency of the CF-TENG (Fig. 7d) , both the peak-to-peak value of the V OC and the amplitude of the I SC increase almost linearly with the increase of the vibration amplitude, as long as it within the small range (below 1.5 mm, i.e.
Region I shown in Fig. 7d ). This response comes from the linear relationship between the agitated vibration amplitude of the resonator plate and the vibration amplitude of the entire CF-TENG.
However, when the vibration amplitude is above ~1.5 mm, the resonator plate will start to get into contact with the two electrode plates. This results in the saturation behavior of the electrical outputs in Region II shown in Fig. 7d . Moreover, from Figure 7e as the enlarged plot of the curves in Figure 7d below the vibration amplitude of 0.3 mm, it can be found that both the V OC and the I SC have very good linear responses. When the vibration amplitude is only 3.5 μm, the peak-to-peak value of the V OC and the amplitude of the I SC generated by the CF-TENG still have 0.54 V and 10 nA. Therefore, when the vibration source is at or close to the resonant frequency of the CF-TENG, it has an extremely high sensitivity for very subtle vibrations. In the other group of experiments with the frequency at 21 Hz, which is off the resonant frequency (Fig. 7f) , when the vibration amplitude is increased up to 15 mm, both the V OC and the I SC follow very good linear behaviors. Thus, when the vibration source is not at the resonant frequency of the CF-TENG, this active sensor has the capability of quantitatively measuring the amplitude in a wide range.
As a demonstration of the CF-TENG's outstanding capability in vibration sensing, it was mounted onto a wind blower to monitor its vibration during the operation (Fig. 7g) . When the wind blower was sequentially turned on from the -off‖ state to the -LOW‖ speed, then turned to the -MED‖ speed, then to the -HIGH‖ speed, and finally turned off, the V OC signal generated by the CF-TENG is shown in Figure 7h . From the short-time Fourier transform (STFT) of the V OC signal, the instantaneous frequency distribution of the wind blower throughout this operation process can be obtained in Figure 7i . In each stage with the same frequency, the change of the amplitude in the V OC signal directly reflects the change of the vibration amplitude of the windblower, as shown in Figure 7h . Therefore, this demonstration convincingly shows the CF-TENG's supreme capability in quantitatively detecting both the amplitude and the frequency of any arbitrary vibration.
Contact-mode TENGs as self-powered active acoustic sensors
Acoustic wave is a special form of vibration ubiquitously existing in the environment, which appears in a wide range of frequency and strength. The sensing of acoustic waves is very important not only for information technology, but also for the monitoring of equipment systems and environment. With the possibility of converting sound waves into electricity, TENGs could provide an effective approach for realizing the self-powered acoustic sensing.
The first organic thin-film based triboelectric nanogenerator (TENG) has been developed to not only scavenge ambient acoustic energy as a sustainable power source, but also measure the acoustic waves as a self-powered active acoustic sensor in the low frequency range available in our daily life [36] . By utilizing a Helmholtz cavity, the sensitivity of the as-fabricated device was as high as 9.54 V Pa −1 in the acoustic pressure range from 70 dB SPL (0.063 Pa) to 110 dB SPL (6.32 Pa), and the directional pattern is in a shape of Cardioid with a total response angle of 52°. This acoustic TENG relies on a Helmholtz cavity with a size-tunable narrow neck on its back. The core part of the nanogenerator is in a circular shape and embedded as the flexible front plate of the cavity, as schematically shown in Figure 8a . For a better illustration, a cross-sectional view of the core is shown in Figure 8b , with a multilayered structure. Aluminum thin film with nanoporous surface plays dual roles as an electrode and a contact surface. The SEM image of the nanopores on the aluminum is shown in Figure 8c . On the counter side, a layer of PTFE film with deposited copper was employed as another electrode. An SEM image of the PTFE nanowires is displayed in Figure 8d . When an external sound wave is incident on the core part of the TENG, the air within the cavity gets alternately compressed and expanded, with the resulted pressured difference related to the magnitude and frequency of the sound wave. As a result, the PTFE thin film will oscillate due to the initiated pressure difference on its two sides while the aluminum film stays still.
With a superior capability in converting acoustic waves into electricity, this TENG can also 
Triboelectric nanogenerators as self-powered active motion sensors
Mechanical motions are generally characterized by a series of parameters, such as movement distance, velocity, accelerations, and angles. Sensors for the monitoring and detection of these parameters for the mechanical motions are vitally important for a lot of mechanical systems. With different structural designs, triboelectric nanogenerators have been developed to generate electricity from different types of mechanical motions, such as linear sliding and rotation [34, 61] .
Since the frequency, the amplitude and the total periods of the generated electrical signals are all directly related to the parameters of the input mechanical motions, the TENGs can serve as selfpowered active motion sensors. Even if such motions are in concealed locations, TENGs can be utilized to track the trajectory and detect the instantaneously parameters of the motions.
TENGs as self-powered linear displacement sensors
Measurement of displacement and speed at the micro-and nano-scale has ubiquitous applications in the scientific and industrial fields such as manufacturing, automation, robotics, and nanomanipulation. Most of the existing sensing technologies need pre-provided electrical or optical signals in order to detect the mechanical displacement, which inevitably requires external power sources. However, the increased number and density of portable electronic devices and sensing networks today desperately desires low power consumption and/or self-powered sensors. Based on the triboelectric nanogenerators, a self-powered, one-dimensional displacement and speed sensing technology has been demonstrated, which achieves high resolution, large dynamic range and long detecting distance [61] .
The motion sensor consists of two micro gratings with identical patterns, as sketched in 
TENGs as self-powered active rotation sensors
On the basis of the lateral-sliding mode of TENGs, a disk TENG with segmental structures for harvesting rotational mechanical energy has been demonstrated [21] . The electricity can be generated from rotations through cyclic in-plane charge separation between the segments that have distinct triboelectric polarities. Enabled by the distinct relationship between the electrical output (its frequency and amplitude) and the rotational speed, the disk TENG can also serve as a self-powered angular speed sensor for rotation motions.
Later on, a free-rotating disk TENG (FRD-TENG) has been developed based on the freestanding-triboelectric-layer mode, which could also be employed as a self-powered rotation sensor for simultaneously detecting the rotation speed and vertical displacement [34] . Due to the unique advantages provided by the freestanding-triboelectric-layer mode, the FRD-TENG can operate in non-contact mode, and the rotating part doesn't need to have a lead extended out. As schematically illustrated in Figure 10a , the basic structure of the FRD-TENG were composed of the freestanding rotational part of tribo-charged layer, and the stationary part of metal electrodes.
The rotational part was fabricated from a piece of fluorinated FEP thin film that was tailored into a four-segment structure. The stationary part is composed of two sets of complementary aluminum electrodes with similar four-segment structures. To increase the tribo-charge density, micro-patterned structures were introduced on the inner surface of both triboelectric layers, respectively ( Fig. 10b-c) . The two triboelectric layers were first brought into contact to produce shown in the figure that the frequency of the J SC also exhibits perfect linear relationship to the rotation speed. Therefore, the FRD-TENG could be employed as a self-powered rotation speed sensor by analyzing both the magnitude and frequency of the measured J SC . Thus, the rotation speed and the vertical separation distance were two input parameters influencing the output current signal, which could be characterized by the magnitude and the frequency. In order to illustrate this two-fold relationship and show a comprehensive working characteristic of the FRD-TENG as a self-powered sensor, two sets of experiments were carried out to give threedimensional plots of the two-fold dependence of the magnitude (Fig. 10d) and frequency ( Fig.   10e ) on the vertical displacement and the rotation speed, respectively. As expected, the magnitude was affected by both the vertical displacement and the rotation speed, while the frequency was only affected by the rotation speed. From these results, the information about two important parameters of a mechanical motion could be solely determined by the measured profiles of the J SC .
Based on this principle, the FRD-TENG could be employed as a self-powered mechanical sensor in automobiles to detect both the radial and axial movement of a braking pad at the same time.
This two-parameter monitoring approach provided us deeper insights on the application of nanogenerator in self-powered system and exhibited unique advantages than the existing singleparameter active sensors.
Through combing the structures of cylindrical TENGs that can serve as self-power rotation sensor [45] and case-encapsulated TENGs that can serve self-powered linear sliding sensors [62] , a TENG-based dual-mode, self-powered velocity sensor for rectified linear and rotary motions has been reported [63] . Employing alternating Kapton-copper strips arranged in a spiral 
TENGs for self-powered tracking of a moving object
By simply integrating multiple single-electrode triboelectric sensors into an array device, the selfpowered motion tracking of an arbitrary moving object could be obtained with the information like the location, speed, and acceleration of the object. In this regard, the prototype of the first single-electrode TENG matrix has been developed for self-powered tracking of the touching behavior and applied pressure [26] .
Then, a series of single-electrode triboelectric sensors (SE-TES) [64] Besides this work, a two-dimensional array of the SE-TES was developed to actively detect the position, displacement, velocity, and acceleration of the moving object through measuring open-circuit voltage and short-circuit current in real time [65] . The detected velocity and acceleration of the moving object has an average error of ~0.265% and ~2.5%, respectively. The velocity could also be detected by utilizing the amplitude of the short-circuit current, which had a sensitivity of ~887 pA/(cm s -1 ). Additionally, LED illuminations were connected to each sensor unit and used as real-time indicators to monitor the motion of a sliding object and walking steps of a human. This triboelectric motion sensor has ubiquitous applications in various fields such as automation, robotics, and safety control.
Through designing a cross-bar grid electrode structure, a self-powered velocity and trajectory tracking sensor (VTTS) array for detecting object motion, velocity, acceleration and trajectory has been developed, which is enabled by single-electrode TENGs [66] . A self-powered VTTS arrays (9×9 pixels) with low-node mode has realized the real-time tracking of position, velocity, acceleration and trajectory for a moving object by visual observation. Using the simply electrode weave technique, a high-resolution VTTS with 41×41 pixels on an active size of 1×1 cm 2 was obtained and it only needs 82 output ports. The device can detect a tiny displacement and trajectory for the high resolution of 250 µm.
TENG as Self-Powered Acceleration Sensors
Acceleration is one of the most important parameters in the characterization of an object's movement. Usually, the acceleration sensors are based on force sensing mechanisms, including piezoresistive or differential capacitance, which has a wide variety of applications for industrial engineering, biology and navigation [67, 68] . An external power source is indispensable to drive these sensors. For realizing the self-powered operation, a newly designed 3D-TENG has been developed as an active acceleration sensor [69] . The spherical TENG consists of two spheres, as shown in Figure 12a . An ordinary rubber ball was coated with etched PFA film to form a PFA ball, where the PFA film acts as a triboelectric polymer. The inner PFA ball can slide and bounce freely inside the transparent shell. A thin Al foil was adhered to the inner surface of the outer sphere, acting as both the triboelectric layer and the electrode. and acceleration is plotted in Figure 12h , revealing a clear linear relationship by fitting the data, which is beneficial for practical applications of the sensors. The detection sensitivity of the acceleration was calculated to be about 15.56 V g −1 .
Triboelectric nanogenerators as self-powered active chemical/environmental sensors
Through using the environmental factors to alter the properties of one of the triboelectric layers in a TENG, it has been developed as the self-powered active sensor for the changes in the environment, e.g. the concentration of certain chemical species [37, 38, 70, 71] , the UV illumination [72] .
TENGs as self-powered active chemical sensors
In the basic working principles of TENGs, the amplitudes of the generated electrical signals (V OC and I SC ) are all proportional to the triboelectric charge density when all the other conditions are maintained same. Since the driving force for the triboelectrification process is basically the chemical potential difference between the two surfaces, the absorption of certain chemical species or molecules on the surface could influence the triboelectric charge density, thus the electrical output from the TENG. In this way, through purposely modifying one of the triboelectric surfaces to enable an effective absorption to the targeted species/molecules, the TENG has been developed as the self-powered active chemical sensors.
In the year of 2013, our group has shown that the principle of the TENG can be used as a sensor for the detection of Hg 2+ ions [37] . The first step is to assemble Au nanoparticles (NPs) onto the metal plate, which can help to improve the performance of the TENG. These assembled Au NPs could enlarge the contact area of the two plates, which will increase the electrical output of the TENG. Through further modifying the assembled Au NPs with 3-mercaptopropionic acid (3-MPA) molecules, the high-output nanogenerator can serve as a highly sensitive and selective (Fig. 13f) . This is because that the adsorbed molecular species modify the triboelectric behavior, which enables the detection of the Hg 2+ concentration. By observing TENG performance with an LED bulb, we could build a fully stand-alone and self-powered environmental sensing device, which demonstrates the TENG's capability of being an environmental sensor without any supporting equipment (power source, capacitor, and electrometer). Figure 13g shows that the electrical signal of the TENG decreased upon increasing the concentration of Hg 2+ ions, with a linear relationship between the short-circuit current ratio ((I 0 −I)/ I 0 ) and the concentration of Hg 2+ ions ranging from 100 nm to 5 mm (R 2 =0.98). This approach provides a detection limit at an S/N of 3 at 30 nM for Hg 2+ ions.
Control experiments were carried out to test the selectivity of the developed system toward Hg Following the above-described work, our group has developed the triboelectric effect-based nanosensor for catechin detection by utilizing TiO 2 nanomaterial array as the probe and contact material [38] . This novel self-powered TENG is highly sensitive (detection limit of 5 μM and and consequently reducing the triboelectric charge density and generated output by the TENG.
Temperature has been studied as other key factor to affect the dielectric constant and polarity of water. A similar tendency between water temperature and generated output was observed. These two sets of results indicate that the water-TENG can be applied to detect substances that will change the dielectric constant and/or polarity of water.
TENGs as self-powered active UV sensors
UV photodetectors have been widely used in communications, biological and chemical analysis, environmental monitoring, remote control, memory storage, and optoelectronic circuits.
Some prototype self-powered UV sensor based on photoelectrochemical cell and p-n junction have been reported. Through fully integrating photodetector for UV light sensing with the TENG conformation, a self-powered active UV sensor was developed [72] . 3D dendritic TiO 2 nanostructures serve not only as the built-in photodetector but also as one of the triboelectric layers in the TENG. The fabrication process of the active UV photodetector is shown in Figure   14a . The demonstrated device is constituted by a layered structure of two plates. On the lower side, the TiO 2 plate is prepared. Firstly, 3D dendritic TiO 2 nanostructures were growth on a glass substrate through the chemical bath deposition method. Then a colorless thin film of ITO was deposited on the back of the 3D dendritic TiO 2 nanostructures coated glass substrate as the conducting electrode. On the other plate, another ITO thin film was deposited between a glass substrate and a PDMS. Finally, the Ni thin film was selected to deposit as the electrodes of the built-in photodetector to achieve the Schottky contact. The built-in photodetector is then connected with the TENG to construct the active UV sensor. The resistance of the built-in photodetector varies upon UV light irradiation with different intensities, which will consequently influence the measured output of the TENG from the two leads. In this way, the light intensity can be determined by monitoring the output of the TENG.
As serially connecting the build-in photodetector to TENG, a new type of self-powered UV sensor was demonstrated, in which the photodetector acts as the external load for the TENG.
Since the TENG's output obtained by the load has a direct dependence to the load resistance, the change of the build-in photodetector's resistance will lead to the change of the measured output amplitudes. In the dark, the resistance of built-in photodetector is larger, hence the output current will be lower and the output voltage will be higher and closed to the open circuit voltage (V OC ).
Under UV light irradiation, the resistance of built-in photodetector decreases. The output current of the self-powered photodetector when sensing UV light at different intensity is displayed in (Fig. 14d) , the change of the output current from the intensity of the incident UV light can reach up to 2 orders of magnitude, which is thus more convenient for the determination of the UV light intensity. The responsivity of the active UV photodetectoris displayed in Figure 14e . This active UV photodetector exhibits an excellent capability of detecting the incident light with the intensity ranging from 20 μW cm −2 to 7 mW cm −2 , which is more sensitive than the self-powered UV photodetector based on p-n junction.
Summary and perspectives
In the recent decades, electronic devices and systems are becoming more and more personal, portable, complex, multi-functional and smart. They are taking increasingly important roles in people's daily life. In all of the electronic devices/systems with different functionalities, sensors are the keys not only for such devices and systems to interact with people and environment, but also for different components to work coordinately with each other. In order to enable the system to work wirelessly, sustainably and independently, it is highly desirable to enable the self- In the future, the continuous efforts on TENGs as self-powered active sensors will largely improve their performance and real applicability in wireless sensor networks, through the researches in the following direction. The deepened understanding of triboelectrification and the surface modification/functionalization will help to achieve a higher triboelectric charge density, which will further enhance the sensitivity of the TENG-based sensors. Through adopting innovative device structural designs, the application of the TENG-base self-powered sensors can be largely broadened for sensing different mechanical behaviors from a variety of different sources. Moreover, the integration with other modules in sensor systems (e.g. signal detection and post-processing components) and the realization of self-powered operation for entire wireless sensor nodes including the supporting components (e.g. wireless transmitter for the signals) will eventually enable the true application of TENGs as active self-powered sensors in wireless sensor networks. It can be anticipated that through the worldwide efforts on TENGs as self-powered active sensors they will soon become commercially available to have broad impact in medical sciences, infrastructure/environmental monitoring, defense technology, and even personal electronics. Reproduced with permission from American Chemical Society [28] . Reproduced with permission from American Chemical Society [50] . Reproduced with permission from American Chemical Society [34] . 
